Gene Therapy (GT): The journal Gene Therapy has been going for about 10 years, and the field has changed a lot in that time. Do you still feel that gene therapy and gene transfer have an important role to play in the future of molecular medicine?
David Baltimore (DB): I do.
GT: Where do you think gene therapy might have the largest impact? DB: I think gene therapy is going to have an extremely wide impact, particularly given the increased focus on stem cells. Most therapeutic guesses about how stem cells will be used involve in vitro manipulation of those cells, or at least isolation, whether adult or embryonic stem cells. With the tremendous power that we know we get from retroviruses in particular, I think that retrovirus-mediated gene modification of stem cells is going to be an important part of modern medicine.
GT: That's an exciting idea. Where do you think stem cells are going to be used first? For generation of tissues or bone marrow transplantation, or embryonic stem cells? DB: We are at very early stages with embryonic stem cells but there's going to be a very intensive focus on them because of the amount of money available in California. I can only believe there will be major advances in stem cell utilization and stem cell biology as a consequence of this intense focus. There is no question that they have the ability to become anything, so it's a challenge to the engineering capabilities of the biologic research community to make them do what we want them to do.
GT:
What information do you think we need to know about stem cells, in order to make them useful? DB: We don't even know what information we need to know. We will certainly focus on trying to understand the factors that naturally control their differentiation. But we don't need to differentiate them naturally; we can do it artificially. So it is more of an engineering perspective that we should be taking: how do you control them? How do you make them useful? How do you give them the properties they need? What are the properties they need?
GT: So we need information about first principles and differentiation. DB: Yes, and the more we can learn about what naturally controls differentiation, then the more opportunity we have to control their behaviour.
GT: Getting back to gene transfer in general, you mentioned retroviruses. You pretty much created this field many years ago.
DB: In a sense.
GT: Given the experience in France with LMO2 activation, what do you think the future of retroviruses is? How can we modify their behaviour so we can bring them into chromosomes in a safe way?
DB: First of all, we do not know if in settings other than the common gamma chain deficiency the same kind of rapid transformation to leukaemia is going to occur. In a way, that's the good news and the bad news: that because it was rapid, we saw it quickly and were able to understand it quickly. Slower events that might occur over time, we'll have to get experience with. But I am particularly heartened by the observation that AIDS patients who have vast numbers of retrovirus infections daily, very rarely -if ever -get tumours that are due to viral insertion.
GT: What are some of the other impediments to using viruses as gene transfer systems? I know you've been part of a group that's been recommending more basic research on viral vectors and how they interact with cells. What are the best systems today, do you think? DB: I think the lentiviruses look like the best basic backbone to work with. They have the ability to infect nondividing cells, which is a positive; they can be easily pseudotyped to infect human cells or whatever cell you wish; they accept fairly large inserts of DNA quite readily. We've been able to manipulate the expression of genes from lentiviruses with great ease, and we've recently published a paper describing that. So, I think they're the right thing for us, but we still need to compare them to more standard kinds of retroviruses. I don't see them imposing any particular kind of danger, even though the ones we use now are derived from the AIDS virus. I see that as a public relations problem rather than as a scientific problem, because we can gut those viruses so that their genes couldn't possibly cause any kind of disease. Of course, we still have to worry about the potential for insertional mutagenesis.
GT: As one of the most well known and prominent biologists in the world, what do you think is an exciting problem? What do you think about while you're driving your car as an interesting biological question?
DB:
The most interesting outstanding biological question is the origin of consciousness. It is so obscure; we don't know where it comes from or what it is. We all know it exists because it is part of our subjective life. I can only assume everybody 
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has the same subjective life as I do, but I'll assume that. And yet we don't know anything about it, so it's the biggest puzzle that sits out there. Now, when I'm driving a car I rarely think about that topic because I don't know how to think about it. I'm not a neuroscientist, but even if I was, I don't think that today there's the background information to think about it. It's like trying to think about genetics in the 1920s or 1930s: we couldn't do it. People thought of proteins -the most diverse thing we have in our universe is proteinsso they thought that must be the source of genetic information. Well, everybody was wrong. But if you look at all the writings of that time, that's exactly what people were saying.
GT: So if you were going to advise a young scientist today that was just starting out, what would be the best career path to take? DB: There are many. Although neuroscience offers the greatest puzzle, it isn't the only place where there are tremendous opportunities to contribute to the world's knowledge and to curing disease. We still have great puzzles in something that has received as much study as autoimmunity. Nobody can tell you today why you get autoimmune disease. And yet autoimmune disease is one of the scourges of modern life and occurs all through the body: rheumatoid arthritis, multiple sclerosis and so on.
GT: I had three ideas for this question: aging, brain function and development.
DB: Yes, development I think we're slowly cracking. It's very complicated so it doesn't lend itself to the kind of 'aha!' moment that the structure of DNA did, but we're understanding it better and better. Interestingly, aging is beginning to become a serious science and aging is an area that I've encouraged people to go into because it's a central aspect of life, living processes and particularly human life. Yet we know very little about it.
GT: Among your many accomplishments, can you recall a moment in the lab when you were really surprised by a biological realization? DB: Well the recognition of reverse transcriptase has to be the greatest 'aha!' moment of my life.
GT: Tell me a little bit about that.
DB: Up until that moment, I really had no idea whether biological systems could copy RNA into DNA. I knew that it was thermodynamically and structurally perfectly possible. As Francis Crick said when he heard about it, well, it's not very surprising. But I'll tell you: for me at that moment, it was a big surprise because, first of all, the data was so absolutely clear. We started with virus particles -the concentration of an enzyme in a virus particle is so high that once I learned how to manipulate the virus a little bit, the signals were just unambiguous. I had already been working for 10 years on nucleic acids in various systemsviral and cellular -and so I knew the nature of these experiments. There wasn't anything particularly surprising about the nature of the data or the way the experiment was donethat was all pretty standard. It was Arthur Kornberg who set that paradigm in motion years before.
GT: I remember I was a graduate student when that information came out and it was a really exciting time.
DB: It was a really exciting time. In the nature of a finding like that, you don't fully appreciate what it means until looking back later. We had no idea that we were starting a biotechnology industry, for instance, but we really were. We had no idea that there could be an AIDS virus, but when it came by it turned out that reverse transcriptase was the key to finding it and the key to inhibiting it.
GT: Let me turn to a more political question. There is a resurgence of interest in vaccines, and dangerous viruses have now fuelled a broad based belief in the threat of bioterrorism. While this has produced a windfall for NIAID types of research, it's taken away from other things, as well as our war in Iraq and so on. Do you really believe in the threat of bioterrorism and if so, what steps should we be taking to combat it? DB: It's hard not to believe in the threat of bioterrorism. The anthrax spores incident shows how this kind of thing can happen, and I don't think we know fully what the range of possibilities is for bioterrorismcontamination of the water supply, for instance -but just the fact that we don't know what's possible and what kind of chaos it could produce, is enough reason to be studying it carefully. So I think it's important that we study this. I do think that there's a tendency, when something has a national security implication, to say we need to clamp down on it in terms of public knowledge. I believe that the only way we're going to really understand the range of possibilities here is if the open research community works on these problems. We have to accept the openness of it. It means that a bioterrorist could learn something from all of this that might give them a nefarious idea, but I think that we should be learning ahead of that and preparing ourselves for it, based on our knowledge. We'll be seeing the same data they are.
GT: Along the lines of the NIH there's been an emphasis on translational research versus basic research, and this waxes and wanes depending on who is head of the NIH, so where's the balance? Do you believe that clinical research is underserved?
DB: My feeling is that we've now experienced half a century of growth in molecular biology. During that time, we've gone from no understanding at all of how biological systems work, to at least an outline. If you look at the times we have dealt with disease, we didn't know we were going to cure it; all we knew was there was a piece of information out there that we wanted to work on and that it had the opportunity to provide a cure.
Look at cancer today: we know a lot about oncogenes, we know a lot about suppressor genes. We know a lot about DNA damage, we know a lot about protective mechanisms; we know a lot. Do we know enough to make a difference in the cancer problem? The only way we can find that out is by trying. So, I am supportive of translational research; I'm supportive of research focused on disease. But the danger is that there's a pendulum swing that occurs. Now everybody says, well let's forget about basic research, we know
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Interview J Glorioso and J Jacoby enough, let's really apply what we know. That's terribly dangerous because we don't know that we know enough, and we can be pretty sure that we're unlikely to know enough to cure something as complex as cancer, which is really hundreds of different diseases with maybe even thousands of different underlying genetic aspects to it.
GT: I guess part of the 'Road Map' idea is to bring together scientists from diverse disciplines in unusual ways to attack scientific problems. You mentioned consciousness: it's going to take physicists and engineers and a lot of different kinds of people.
DB: Again, as a hypothesis, and it's an old hypothesis, interdisciplinary work has been everybody's favourite kind of research to talk about, for as many years as you can remember. But if you ask where the real advances have occurred, they've actually occurred in very disciplinebased ways. I don't say that that's going to be true forever and I'm not for a moment saying we shouldn't be focusing on interdisciplinary workwe should, and Caltech is famous for that -but we also should recognize that the pathways to knowledge are not laid out for us: we have to discover them. They're not always going to be interdisciplinary and if you ask who discovered the great surprises of biology in the last while -splicing, prions, RNAi, the genome -it's all biologists. Lee Hood brought in engineers and others to help automate biology, and that was a very important thing to do. Still a driving force is people thinking about biological issues as biologists.
GT: Speaking of the genome and genomics, we've set about to do a lot of comparative types of genetics based on sequencing many organisms. What do we really need in terms of new technology to get through the genome, because if we get a gene at a time it would take us forever.
DB:
We're getting the global methodologies -array technologies, sequencing technologies, ways of probing the genome broadly instead of narrowly -and they're very powerful. I don't think we yet know what their place is because they're not generally used in hypothesisdriven work. They are scatter-shot looking for something interesting. When you find something interesting, that's when the hard work starts, and you've got to ask, can I really understand what this correlation means -and they're mostly correlations -without going in and doing the mechanistic work? This means going back to one-by-one analysis of how pathways, systems and molecules work. I'm still oldfashioned enough to believe that there's a very important place for that. In my own work and the work of many people I admire, I still see that taking that approach gives you insights that you will never get from the more global approach.
GT: Today we have so many meetings and so many journals and so much information that it seems overwhelming. How can we improve on how scientists talk to each other? DB: I have no idea. Our whole notion of communication is that you read something, look at something, talk to somebody, and when the information overload gets as large as it is today, trying to squeeze it all down and shove it into somebody's brain is very difficult. So, I think we're all going to have to function with imperfect knowledge. It sounds like it's going to create inefficiency and I'm sure it does and I'm sure there's lots of rediscovery of the wheel. The wonderful thing is the tremendous absorption power of the young brain and so my students still absorb enormous amounts of material and I find that they -the ones that are really into it all -are the ones who are able to stay current with an amazing amount of biology.
GT: Another issue is that the pharmaceutical industry has found it more and more difficult to invest in small projects because their overhead is so huge. It suggests that there is a role for the small biotech industry, but it's been struggling enormously, as well as its relationship with universities. Do you think that better relationships can emerge, and how do we solve the conflict of interest issues in a sensible way? DB: I believe that universities have got to find a better way to be more responsive to the needs of the biotech industry and to help take nascent ideas another step or two before they get commercialized. It may involve a different kind of research than we would ordinarily do, because it would be more focused and we may have to develop structures that are different -there are some universities doing that to help this along. I think that the biological research community needs to professionalize itself, even within universities, and not be dependent solely on trainees for experimentation. Other fields don't do that. There are endless numbers of physicists who go into huge experiments around accelerators and they make a life of being an experimenter in physics. People don't make a life being an experimenter in biology. They really take as their model either getting into industry, which requires ultimately moving into management, or getting into a university, which means you end up with all the pressures on you that a professor does. And yet there are a lot of people who just love to experiment and do the biology. The major thing we need to figure out is how to pay them because our grants are too small. With small grants you look for people who are relatively inexpensive and there's nothing cheaper than a graduate student or a post-doc. If you then try to hire a person and pay them a living wagearound $70 000 a year -that means doubling your grants. I've talked with some people in Washington about this and there's a recognition that this is all true but of course nobody wants to cut the number of grants in half to make them twice as large when all they do is go into the same amount of science. Pressure is coming from our trainees today, who are leading us in another direction and we have to listen to them.
GT: Those are very important comments. Many thanks for taking the time to talk to us. This interview was conducted by Joseph Glorioso and Jenny Jacoby.
